We report Magnetospheric Multiscale observations of multiple vertical current sheets (CSs) in a bursty bulk flow in the near-Earth magnetotail. Two of the CSs were fine structures of a dipolarization front (DF) at the leading edge of the flow. The other CSs were a few Earth radii tailward of the DF; that is, in the wake of the DF. Some of these vertical CSs were a few electron inertial lengths thick and were converting energy from magnetic field to plasma. The currents of the CSs in the DF wake were carried by electrons that formed flow shear layers. These electron-scale CSs were probably formed during the turbulent evolution of the bursty bulk flow and are important for energy conversion associated with fast flows.
Introduction
Bursty bulk flows (BBFs) are fast convective plasma flows observed frequently in the central plasma sheet in the terrestrial magnetotail (Baumjohann et al. 1990; Angelopoulos et al. 1992) . The average observational duration of a BBF is between 10 and 20 minutes (Angelopoulos et al. 1994; Cao et al. 2006) . Statistically, BBFs have dawn-dusk widths of 2-3 R E and north-south heights of 1.5-2 R E (Nakamura et al. 2004) . BBFs can contribute significantly to the mass, energy, and magnetic flux transport in the magnetotail (Angelopoulos et al. 1992) . The braking of BBFs in the inner edge of plasma sheet may be the cause of many substormrelated phenomena (Shiokawa et al. 1997) ; However, the roles of BBFs in substorms are still a topic of debate (Lui et al. 2000) .
Neutral sheet flappings, which are manifested as magnetic field B x reversals, have been observed in association with BBFs (Nakamura et al. 2002; Volwerk et al. 2004; Gabrielse et al. 2008; Wu et al. 2016) . Volwerk et al. (2004) suggested that the BBF is the driving force of these large-scale neutral sheet oscillations. However, the detailed mechanism responsible for the current sheet (CS) flapping is unclear. Some of these horizontal CSs observed within BBFs were ion-scale CSs, which are favorable for triggering magnetic reconnection (e.g., Nakamura et al. 2002) .
CSs with their normal tangential to the neutral sheet (vertical CS) have also been detected within BBFs. For example, a vertical CS has been detected between an Earthward-propagating flux rope and the geomagnetic field (Man et al. 2018) . It is interesting to note that reconnection occurred within this CS, which eroded the magnetic flux of the leading portion of the flux rope continuously.
Dipolarization fronts (DFs), which are usually observed at the leading edge of BBFs, are thin vertical CSs with thickness on the order of the ion inertial length or the ion Larmor radius (Runov et al. 2009; Zhou et al. 2009; Schmid et al. 2011; Fu et al. 2012) . They are boundary layers that separate the intruding hot tenuous plasma from the ambient cold dense plasma (e.g., Runov et al. 2011) . DFs consist of both the transverse and field-aligned currents . They are recognized as crucial building blocks of the substorm current wedge (Liu et al. 2013 ). The transverse current is mainly tangential to the front surface and supports a strong Hall electric field normal to the DF (Zhou et al. 2009; Fu et al. 2012 ). Significant energy conversion occurs near the DF, which is responsible for energizing ions and electrons associated with the DF (Deng et al. 2010; Ashour-Abdalla et al. 2011; Fu et al. 2011) . Recently it was found that dipolarization and DF contained electron-scale current structures (Grigorenko et al. 2018; Liu et al. 2018) .
Many different types of plasma waves, from the ion cyclotron frequency to above the electron cyclotron frequency, were observed in association with DFs. These waves may contribute to the energy conversion and particle acceleration around DFs (Zhou et al. 2009 (Zhou et al. , 2014 Li et al. 2015; Huang et al. 2012a; Yang et al. 2017) . For example, lower hybrid drift waves may lead to the parallel heating of electrons at the DF (Divin et al. 2015) . It has been suggested that large-amplitude magnetosonic waves can efficiently accelerate electrons around the DF in a short time (Zhou et al. 2014) .
In this Letter, we report Magnetospheric Multiscale (MMS) mission observations of electron-scale vertical CSs in a BBF. Two vertical CSs were detected at a DF, which was the leading boundary of the BBF. The other vertical CSs were in the wake of the DF within the BBF. To the best of our knowledge, this is the first detailed study of the electron-scale vertical CSs in the DF wake.
Data from the following instruments on board MMS were used in this study. The Fluxgate Magnetometer provides 3D magnetic fields with a cadence of 128 vectors s −1 in the burst mode and 16 vectors s −1 in the fast survey mode (Russell et al. 2016; Torbert et al. 2016) . The Electric field Double Probe provides 3D electric fields with a cadence of 32 vectors s −1 in the fast survey mode and 8192 vectors s −1 in the burst mode (Ergun et al. 2016; Lindqvist et al. 2016; Torbert et al. 2016) . The Fast Plasma Instrument provides 3D electron velocity distributions at a time resolution of 30 ms and ion velocity distributions at a time resolution of 150 ms in the burst mode (Pollock et al. 2016) . It also provides 3D velocity distributions for both ions and electrons with 4.5 s resolution in the fast survey mode.
Observation of Vertical Thin CSs at the DF
MMS was located at around [−22.0, 10.4, 3.9 ] R E in the geocentric solar magnetospheric (GSM) coordinate system in the Earth's magnetotail between 20:50 and 21:10 UT on 2017 July 31. Four MMS spacecraft formed a regular tetrahedron in space. The average spacing of the four MMS spacecraft was 17 km∼1.7 d e , where d e is the average electron inertial length based on the average plasma number density of 0.3 cm
during the interested time interval. All the vectors are displayed in GSM coordinate system, unless otherwise noted. Figure 1 shows that MMS observed a BBF in the plasma sheet during 20:55-21:05 UT. The flow was mainly in the X direction with its peak speed exceeding 400 km s −1 (Figure 1(c) ). The duration of the BBF was about 7 minutes according to |V|>100 km s −1 . Hot ion and electron populations seen in Figure 1 (g) and 1(h) imply that MMS was inside the plasma sheet. A DF was observed within the BBF at around 20:59:40 UT. B z increased from 0 to 13 nT in 9 s (20:58:44-20:58:53 UT). This incremental rate is larger than the threshold used to identify a DF (Liu et al. 2013 ). The increase of B z at the DF is not smooth because the front was composed of a few fine structures, as shown in Figure 2 (a). The rapid B z increase was preceded by a pronounced dip in B z , which was probably caused by diamagnetic effect (Runov et al. 2009) or the dissipation of magnetic flux at the leading edge of the Earthward-moving flux rope (Lu et al. 2015; Man et al. 2018) . Strong magnetic fluctuations in all three components were detected behind the DF. The total magnetic field also exhibits strong fluctuations, indicating the compressional nature of the fluctuations (Figure 1(b) ).
The plasma density was about 0.35 cm −3 in the background plasma sheet before the arrival of the DF. It decreased behind the DF and returned to the background value about 2 minutes after the DF crossing. Both the ion temperature T i and the electron temperature T e decreased across the DF. The temperature decrease behind the DF is also evident from the reduced ion energy flux above 3 keV as shown in Figure 1 (g) and the reduced electron energy flux above 1 keV as shown in Figure 1 (h). Both T i and T e exhibit anisotropy at the DF. T i⊥ remains unchanged, while T iP drops from ∼3,300 eV to ∼2,500 eV behind the DF, leading to a temperature anisotropy T i⊥ >T iP . T e⊥ increased locally at the DF, while T eP gradually decreased behind the DF, which leads to T e⊥ >T eP .
Figures 2(b)-(g) display an enlarged view of one fine structure of the DF at around 20:58:47 UT observed by MMS4. It involves two rapid B z enhancements, one from −1 to 3 nT and the other one from 4 to 7 nT. Each B z increase corresponded to one CS. The two CSs contained both the field-aligned and transverse currents (Figure 2(e) ). The normal speed of the first CS was about 380 km s −1 along the direction of [0.916, 0.377, 0.135], which is obtained by four-spacecraft timing analysis based on the profile of B z (Russell et al. 1983 ). The thickness of this structure was estimated as 380 km s Figure 2(g) displays the energy conversion rate J·E, where J is the electric current density calculated from the plasma moments, and E is the electric fields. We see that J·E exhibits a bipolar variation; i.e., first it is negative then positive at the first CS, while it shows a large positive peak (∼380 pW m −3 ) at the second CS. MMS3 recorded a positive peak of J·E at the first CS, while MMS1 recorded a negative J·E at the first CS (not shown). The separation of the four spacecraft was a few d e , and hence there were electron-scale structures with alternating signs of J·E inside the MMS tetrahedron. The measured error associated with J·E was about 60 pW m −3 , given that the error bar of the electric field in this event was about 1.5 mV m −1 and the current density was about 40 nA m −2 . Figure 3 shows that MMS observed multiple B z reversals in the BBF between 20:59:50 and 21:00:20 UT, about 1 minute after the passage of the DF. Figure 3 (f) shows the current density at the barycenter of the MMS tetrahedron. It was evaluated by the curlometer technique based on the magnetic field measurements of the four spacecraft (Dunlop et al. 2002) . It shows that all four B z reversals correspond to current enhancements, implying that they are CSs. Although the current was weaker at CS2 than at the other CSs, the current deduced from the plasma moments exhibits a clear peak at CS2 in Figure 4 (d). We mark these four CSs as CS1 to CS4 in the following text.
Observations of Vertical Thin CSs in the DF Wake
The normals and moving speeds of these four CSs, calculated by timing analysis, are listed in Figure 3 (a). Because these CSs moved mainly Earthward, these B z reversals recorded by MMS were not due to a back and forth motion of one single CS but were instead caused by the sequential crossing of four Earthward-moving CSs. Similar to the CSs observed at the DF, these CSs were also vertical CSs as their normals mainly pointed in the X direction. Assuming the DF propagated Earthward with a constant speed, the distance from the DF to the CS1 at the time when MMS detected these vertical CSs was about V df T gap ≈3.5 R E , where T gap ≈65 s is the time gap between the observations of the DF and CS1, and V df ≈340 km s −1 is the average normal speed of the DF. The relative locations and orientations of these thin vertical CSs in the X-Z plane are depicted in Figure 3(a) .
We notice that the current density was larger at CS1 (∼20:59:54 UT) and CS4 (∼21:00:12 UT) than at CS2 and CS3. (Sonnerup & Scheible 1998) on the magnetic field during the time intervals around the B z reversals, to investigate the detailed properties of these two electron-scale CSs (see We see that the current carriers for both CS1 and CS4 were electrons as electron bulk velocities associated with both CSs were much larger than the associated ion bulk velocities. The current at CS1 had comparable field-aligned and perpendicular components, while the current at CS4 was mostly field-aligned. There was no clear electron temperature variation and anisotropy corresponding to CS1, while T e⊥ was slightly larger than T eP at CS4. Both CSs were associated with energy conversion from magnetic field to plasma (J·E>0). The value of J·E at CS1 was nearly 50 pW m −3 and at CS4 was about 200 pW m −3 .
Discussion and Summary
MMS detected alternative sign changes of electron flows V ey when crossing the four CSs. This led to alternative sign changes of current J y as electrons were the main carriers of the current. It implies that MMS encountered two flow shear layers, which were probably electron flow vortices. According to the normal speed of the four vertical CSs, the sizes of the two flow shear layers were estimated as 520 km∼1.4 d i and 2000 km∼5.5 d i , respectively. Thus, the flow shear layers or the flow vortices were ion-scale structures. Figure 3 It is interesting to consider whether or not reconnection was ongoing at these electron-scale CSs. It is well known that reconnection releases magnetic energy to accelerate plasmas. An important recognizable feature of reconnection is the accelerated outflow jet (Phan et al. 2000; Man et al. 2018 ). MMS did not observe ion outflow during CS1 crossing, while it detected a weak enhancement of electron flow V eL . This positive V eL was unlikely the outflow jet, because its direction was inconsistent with the magnetic field component normal to the CS; a positive outflow should correspond to a negative B N in this geometry. Although it could be carried by inflowing electrons, the disappearance of the corresponding electron show the expanded view of the DF from 20:58:45 to 20:58:50 UT: (b) three components of the magnetic field; (c) electron bulk velocities; (d) current density inferred from the plasma moments, i.e., J p =n e q(V i -V e ), where n e is the electron number density, q is the unit charge, and V i and V e are ion and electron bulk velocities, respectively; (e) parallel current density and absolute values of the perpendicular current density; (f) 3D electric fields; and (g) energy conversion rate J·E.
outflow implies that this V eL was unlikely associated with reconnection. In addition, considering that the energy conversion associated with CS1 was small (less than the error bar 60 pW m −3 ), we conclude that reconnection was not ongoing at CS1. On the other hand, MMS observed a negative electron jet V eL associated with CS4. Similar to CS1, this jet was unlikely the outflow jet because its direction was inconsistent with the magnetic field B N . Moreover, we noticed that there is a background magnetic field B M during the B L reversal for CS4. This B M served as the guide field for reconnection. B M reaches peak at B L ∼0, while the normal electric field E N exhibits a positive peak at B L ∼0. Because of the presence of a strong guide field, the Hall electromagnetic field structure is distorted in comparison to that in reconnection without guide field (Eastwood et al. 2010) . For example, the normal electric field has a tripolar structure across the CS in contrast to the bipolar Hall electric field in the anti-parallel reconnection Zhou et al. 2018) . In this case, the unipolar E N is inconsistent with previous results. Nevertheless, we should note that the sign of B N is very sensitive to the chosen LMN coordinates. A small rotation of N will likely result in a sign change of B N and the modification of the E N profile. Therefore, we cannot completely exclude the possibility that reconnection was ongoing within CS4. Pritchett (2013) and Sitnov et al. (2013) demonstrated the magnetic topology changes in the wake of DF. The topology change is due to magnetic reconnection in thin CSs, which are by-products of the DF. However, the thin CSs in their simulations are horizontal CSs instead of vertical CSs reported here. It has been suggested that turbulent cascade leads to the generation of coherent structures in the form of CSs that steepen to electron scales, triggering strong energy dissipation and localized heating of the plasma (Karimabadi et al. 2013; Wan et al. 2012) . Many candidate processes that lead to the turbulent evolution of the reconnection outflow have been proposed. The firehose instability may kink the central region of the outflow (Liu et al. 2012 ). In the presence of guide field, the whole reconnection layer may become turbulent because of the 3D evolution of the secondary tearing instability (Daughton et al. 2011; Leonardis et al. 2013; Nakamura et al. 2016) . Furthermore, the region near the leading edge of the outflow (corresponding to the DFs) is known to easily become unstable by the interchange-type modes (Vapirev et al. 2013) , the lower hybrid drift instability (Divin et al. 2015) , and their coupling (Nakamura et al. 2016) . Past Cluster observations of the magnetotail reconnection with a guide field showed multiple small-scale flux ropes in the outflow region (Wang et al. 2012) , which may support the turbulent evolution of the secondary tearing. Turbulence in a reconnection outflow in the magnetotail has been studied by Cluster observations. It was found that the turbulence was quasi-2D in wave-vector space, and intermittent below the proton gyroradius or inertial length (Huang et al. 2012b ). The turbulence also showed nonGaussian distributions of J·E (Osman et al. 2015) . By comparing with simulations, it was suggested that the observed J·E distributions can be explained by the turbulence caused by the interchange-type modes near the DFs (Pucci et al. 2017) .
The strong magnetic fluctuations behind the DF (see Figure 1 ) may be evidence for turbulence. We calculated the power spectrum of magnetic fields during the BBF and found a power-law relation with a slope of about −3.1 from the ion cyclotron frequency ( f ci ) to above the lower hybrid frequency ( f lh; see Figure 5 ). The power spectrum between f ci and f lh was probably in the dissipation range following a steeper power-law relation than that in the inertial range, which generally follows a slope of −5/3. The power-law spectrum suggests that the fast Figure 4 . Details of the two electron-scale CSs in the DF wake. Panels (a) to (h) are for CS1, while panels (i) to (p) are for CS4. From the top to the bottom: (a) magnetic fields; (b) ion bulk velocity; (c) electron bulk velocity; (d) current density calculated from the plasma moments; (e) parallel and perpendicular current density; (f) electric fields; (g) electron temperature (black: average temperature, blue: parallel temperature, red: perpendicular temperature); and (h) energy conversion rate J·E. All the vectors are displayed in LMN coordinates.
flow was in a turbulent state. Due to the limited time interval of the flow burst and the burst mode data, we cannot obtain the power spectrum covering the inertial range of the turbulence, which extends to frequencies that are much lower than the ion cyclotron frequency and require a much longer time interval than that of the flow burst.
These thin vertical CSs in the BBF are important for the magnetotail energy conversion. The energy conversion rates within these thin CSs are comparable to those at previously reported DF (Huang et al. 2015; Liu et al. 2018) , which is believed to be crucial for energy conversion in the magnetotail ). Nevertheless, there was no evident energization of particles associated with the CSs. One plausible reason is that the converted energy was carried away by the enthalpy fluxes, and thus MMS did not observe any local plasma heating. We will examine more events in the future to clarify this point.
In summary, we report MMS observations of multiple electrons-scale vertical CSs within a BBF in the magnetotail. Two of the CSs were fine structures of a DF, the leading boundary of the BBF. The other CSs were about a few R E behind the DF. These CSs were associated with energy conversion from magnetic field to plasma. However, we do not find conclusive evidence of reconnection within these CSs. The power spectrum of the magnetic field suggests that the BBF was probably in a turbulent state. Thus, these electronscale CSs were likely produced through a turbulent cascade down to kinetic-scale. This Letter provides the first detailed study of the electron-scale CSs in the turbulent reconnection outflow. The results presented here bring new insights into understanding the role of BBF in magnetospheric substorms and energy conversion associated with fast flows.
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